c-Met, a receptor tyrosine kinase responsible for cellular migration, invasion, and proliferation, is overexpressed in human cancers. Although ligand-independent c-Met activation has been described, the majority of tumors are ligand dependent and rely on binding of hepatocyte growth factor (HGF) for receptor activation. Both receptor and ligand are attractive therapeutic targets; however, preclinical models are limited because murine HGF does not activate human c-Met. The goal of this study was to develop a xenograft model in which human HGF (hHGF) is produced in a controllable fashion in the mouse. Severe combined immunodeficient mice were treated with ade-
Introduction
The c-Met proto-oncogene encodes a transmembrane receptor tyrosine kinase that is responsible for cellular motility, invasion, and proliferation in embryogenesis (1, 2) as well as tumor progression and metastases (2 -8) . As with other receptor tyrosine kinases, binding of ligand hepatocyte growth factor (HGF) to c-Met results in receptor dimerization, autophosphorylation, and activation of downstream signaling cascades. In normal physiology and fetal development, HGF functions in a paracrine fashion. In human cancer, a variety of abnormal mechanisms of c-Met activation have been described, including autocrine stimulation [astrocytoma and select gastric cell lines (9, 10) ] and ligand-independent activation related to gene rearrangement or mutation (2, 5, 8, 11 -17) . However, the majority of human solid tumors seem to have receptor overexpression, without mutation, and are ligand dependent (8) .
Based on the high prevalence of dysregulation noted in human tumors and its association with advanced disease, c-Met and HGF are being actively developed as therapeutic targets (3, 8) . There are several methods for abrogating receptor tyrosine kinase activation: neutralization of ligand, direct inhibition of receptor, and blockade of mediators of downstream signaling pathways (8) . Many of these approaches have been used to block c-Met, including HGF variants (NK1, NK2, and NK4; ref. 18 -20) , antibodies directed against HGF (9, 21) , antibodies directed against c-Met (22), and small-molecule c-Met kinase inhibitors (23) .
A major obstacle in the development and implementation of therapeutic c-Met and HGF antagonists is the lack of preclinical models for testing potential agents. Xenograft models are inadequate when studying c-Met because murine HGF does not activate the human receptor (6) . Multiple investigators have attempted to overcome this species specificity by using human tumors engineered to express both HGF and c-Met in an autocrine manner (6, 21, 24 -26) or by using human tumor transfected with constitutively activated c-Met (TPR-Met oncogene or activating mutations; refs. 15, 27) . These model systems are limited, however, because the majority of human tumors do not contain gene rearrangements or activating mutations and show ligand-dependent activation in a paracrine fashion (2 -8) . Therefore, a model in which human HGF (hHGF) is present is necessary to examine the role of c-Met in human cancer.
Our goal was to develop a preclinical model for studying c-Met -dependent tumor progression, one that could easily be applied to any system and would not require breeding or maintenance of transgenic mice. We accomplished this by using an adenoviral vector containing a transgene for hHGF, which had previously been developed to study liver regeneration (28) . By injecting the adenovirus into severe combined immunodeficient (SCID) mice, we developed a novel xenograft model in which hHGF is produced in controllable quantities and for a prolonged period. Using this model, we have shown that ligand-dependent tumors have augmented growth in mice producing hHGF. We believe that this model is ideal for investigating c-Met/ HGF -dependent tumor progression and is well suited for preclinical evaluation of c-Met and HGF inhibitors.
Materials and Methods
Adenoviral Construct Propagation A recombinant adenoviral vector encoding the hHGF transgene (Ad-hHGF) was kindly provided by Dr. J.M. Wilson and the Vector Core, Gene Therapy Program (Department of Pathology and Laboratory Medicine, University of Pennsylvania School of Medicine, Philadelphia, PA); this has been extensively studied in models of liver regeneration (28) . A control adenoviral construct containing the alkaline phosphatase transgene was used in control experiments (29) . These replication-deficient virus constructs were propagated as described previously (30) . In summary, 293-H fibroblasts (American Type Culture Collection, Rockville, MD) were exposed to adenoviral constructs for 30 to 36 h, after which virus was extracted by freeze/thaw and then purified by a cesium chloride density gradient [2.5 mol/L cesium chloride overlaid 3.6 mol/L cesium chloride in 10 mmol/L Tris-HCl (pH 8.0)] followed by elution with a Sephadex column (Sigma, St. Louis, MO). Concentration was determined by UV spectrum at A 260 nm , and virus was stored in a 10% glycerol solution using PBS at À80jC.
Generation of Mice That Produce hHGF Five-week-old SCID mice (Taconic Farms, Germantown, NY) were injected with increasing concentrations of AdhHGF diluted in 100 AL of normal saline via tail vein using 28-gauge needles. Animals were sacrificed at sequential time points and underwent necropsy with organ harvest and blood collection. Serum was decanted following blood centrifugation at 14,000 rpm for 10 min and stored at À20jC for batch HGF determination. Liver, lung, and spleen were collected, weighed, and frozen for batch transgene expression by real-time reverse transcription-PCR.
Assessment of hHGF Transgene Expression in SCID Mice hHGF transgene expression was measured in the mouse by detection of hHGF in serum, the presence of liver hypertrophy, and the presence of hHGF mRNA in tissue. Serum HGF measurement was determined by ELISA with Quantikine HGF Immunoassay (R&D Systems, Minneapolis, MN) according to the manufacturer's instructions. Liver hypertrophy indicates that a function protein is produced, as hHGF does activate mouse c-Met receptor (6) . Liver hypertrophy was determined by normalizing liver mass to animal mass (liver/body weight = liver weight ratio). Transgene expression in liver, lung, and spleen was analyzed by quantitative real-time reverse transcription-PCR (31) with FAM dye-labeled Taqman MGM probe using the ABI PRISM 7700 (Applied Biosystems, Foster City, CA). Total RNA from mouse liver, spleen, and lung was isolated using RNeasy Mini kits (Qiagen, Santa Clarita, CA) following the manufacturer's instructions. For cDNA synthesis, f1 Ag of total RNA was reverse transcribed with cDNA Transcription Reagents (Applied Biosystems) using random hexamers. hHGF and 18S rRNA sequencespecific primers and probes were obtained as Assayon-Demand Gene Expression Products (Applied Biosystems). Real-time reverse transcription-PCR of cDNA specimens and standards was conducted in a total volume of 20 AL with 2Â Taqman Master Mix (Applied Biosystems) according to the manufacturer's instructions. Thermal cycler variables included 2 min at 50jC, 10 min at 95jC, and 40 cycles involving denaturation at 95jC for 15 s and annealing/ extension at 60jC for 1 min. Relative standard curves were generated for hHGF and 18S rRNA using serial dilutions of cDNA obtained from high HGF-expressing liver samples as previously reported (31) . All samples were analyzed in triplicate, and levels of mRNA expression are presented as the mean F SE.
Cell Lines and Culture Conditions
The colon carcinoma cell lines SW1417 and SW480 were purchased from the American Type Culture Collection. Immunoblot Analysis of Ligand-Dependent SW1417 Cell Line Activation Cells were plated in L-15 medium supplemented with 10% fetal bovine serum. At subconfluence, cells were serum starved for 18 h followed by treatment with or without HGF (100 ng/mL) for 10 min before lysis [1Â radioimmunoprecipitation assay lysis buffer (Upstate, Lake Placid, NY), 1:100 Protease Inhibitor Cocktail Set I (Calbiochem, La Jolla, CA), and 1:100 Protease Inhibitor Cocktail Set II (Calbiochem)]. Cell lysate (25 Ag/well) was loaded and separated by SDS-polyacrylamide electrophoresis [10% NuPAGE Novex Bis-Tris Gels (Invitrogen, Carlsbad, CA)]. The proteins were transferred to polyvinylidene difluoride membrane, and nonspecific binding was blocked with 5% dried milk in TBS for 1 h. The primary antibody used to probe the membrane was an unconjugated anti-c-Met (pYpYpY 1230/1234/1235 ) phosphospecific antibody (Biosource, Camarillo, CA) diluted in TBS containing 5% dried milk. The secondary antibody was a peroxidase-conjugated donkey anti-rabbit IgG (Amersham, Piscataway, NJ) diluted in TBS-0.05% Tween 20 (v/v). Immunoreactive proteins were then visualized with an enhanced chemiluminescent detection system, ECL+ (Amersham).
Cellular Proliferation Assay Cellular proliferation was measured using chemiluminescent bromodeoxyuridine ELISA assay (Roche Applied Biosciences, Indianapolis, IN) as directed by the manufacturer. In summary, SW1417, SW480, and GTL-16 cell lines were seeded in 96-well plates at various concentrations (5 Â 10 3 to 1 Â 10 4 per well), dependent on the particular cell line, in medium containing 10% fetal bovine serum for 12 to 24 h. Cells were then incubated with 0.5% fetal bovine serum and medium for 48 h before they were treated with increasing concentration of HGF (0 -100 ng/mL) for 18 h in 2% FCS at 37jC. Solutions were removed, wells were incubated with 100 Amol/L bromodeoxyuridine labeling reagent for 2 h, and then cells were fixed and DNA was denatured with 100 AL FixDenat solution for 45 min. Next, 5% dry milk in 100 AL PBS was added to each well for 30 min to block nonspecific antibody binding. Cells were then washed once with PBS, exposed to anti-bromodeoxyuridine peroxidase -conjugated antibody (7.4 Â 10 
Results
Generation of hHGF-Producing SCID Mice I.v. injection of Ad-hHGF into SCID mice resulted in production of hHGF in a dose-dependent fashion as measured by serum ELISA (r = 0.950; P < 0.01; Fig. 1 ). The ELISA proved to be specific for hHGF, as control mice had undetectable levels of hHGF in the serum levels, whereas SCID mice treated with the Ad-hHGF transgene expressed levels ranging from 450 to 4,500 pg/mL (Fig. 1) . To determine whether the expressed hHGF protein was biologically functional, liver mass was measured and normalized to total body weight (liver hypertrophy). I.v. 
c-Met/HGF -Dependent Tumor Growth in Xenograft Model
administration of Ad-hHGF was associated with significant liver hypertrophy in a dose-dependent manner (r = 0.741; P < 0.01; Fig. 2 ). In time course experiments, transgene expression was shown to persist at least for 40 days with only 15% diminution in serum HGF levels (Fig. 3) . Analysis of mRNA from liver, lung, and spleen indicates that transgene expression was only detected at significant levels in mouse liver (Table 1 ). In additional control experiments, flank tumors were resected at 20 days following implantation and treatment with Ad-hHGF. Analysis revealed that no tumors (n = 5) expressed the hHGF transgene, indicating that adenoviral infection was complete before xenograft implantation (data not shown).
Tumor Cell Line Ligand Dependence In vitro exposure of SW1417, SW480, and GTL-16 to increasing concentration of HGF showed that only the SW1417 cell line responded with augmented proliferation (Fig. 4) . This is consistent with immunoblot analysis showing c-Met phosphorylation following exposure of SW1417 to HGF (Fig. 5) . These data indicate that the SW1417 cell line is ligand dependent, whereas GTL-16, with high c-Met expression, is ligand independent. Previous reports concur with these findings and have shown that GTL-16 has c-Met amplification, which is associated with constitutive phosphorylation (23, 33) . Further coculture of SW1417 with HGF has been shown to result in cellular migration and invasion (33) . Not surprisingly, SW480, which has been shown to have low c-Met expression (31, 34) , did not respond to HGF.
Enhanced Human Xenograft Growth in Mice Expressing hHGF S.c. SW1417 tumor implants grew larger in SCID mice expressing hHGF compared with control (P < 0.01, t test; Fig. 6A ). Significant differences in tumor size were noted at 14 days after implantation. As expected, the ligandindependent GTL-16 cell line showed comparable tumor growth in mice with and without hHGF (Fig. 6B) . Due to the rapid growth of GTL-16 xenografts, tumor ulceration generally occurred at early time points, necessitating euthanasia. Similarly, SW480, which has low c-Met expression (33), did not show augmented growth when s.c. implanted in mice expressing hHGF (Fig. 6C) .
To control for possible nonspecific effects of adenoviral infection, repeat experiments were done with s.c. implants of SW1417 in SCID mice treated with no adenoviral construct, Ad-hHGF, or the control construct Ad-AlkPhos. Ad-AlkPhos produces the alkaline phosphatase transgene show no augmented proliferation in response to HGF. Points, mean of 10 wells; bars, SE. For the SW1417 cell line, P = 0.064 for 10 ng/mL HGF and P < 0.001 for 50 ng/mL compared with control with no HGF. (29) . Animals treated with no adenoviral construct or the control construct Ad-AlkPhos showed similar tumor growth, which was lower than that seen in mice treated with Ad-hHGF (Fig. 7) . These data provide evidence that the augmented tumor growth seen in SW1417 is dependent on the hHGF transgene.
Discussion
There is growing evidence that the c-Met pathway is critical for tumor progression and metastasis (2 -8). Although ligand-independent c-Met activation has been noted in select tumors related to mutation, gene rearrangement, or amplification, the majority of solid tumors seem to be responsive to ligand (8, 33) . Therefore, to study c-Met tumor progression and metastases in human tumors, a system is necessary in which hHGF is present. We have successfully developed a novel xenograft model in which biologically active hHGF is produced in SCID mice. hHGF expression level is reliably controlled by the amount of i.v. Ad-hHGF injected. Transgene expression is sustainable, and a functional protein is produced as indicated by liver hypertrophy. Using this model system, we are able to show augmented growth of the c-Met -dependent, liganddependent human colorectal cancer cell line SW1417. As would be expected, the low c-Met -expressing cell line SW480 and ligand-independent cell line GTL-16 do not show enhanced growth in mice producing hHGF. We propose this as an ideal model for studying the HGF/c-Met activation pathway in human tumors and consider it potentially useful for preclinical studies of biological therapies.
Other model systems have been developed to overcome the species specificity currently limiting the study of c-Met -dependent tumor progression and metastasis. Mazzone et al. (20) used a lentivirus to deliver mutant and wild-type hHGF to tumor cells and directly to mice. They were able to show elevated serum HGF in the infected animals but did not identify sites of infection, dose dependence between viral infection and HGF production, or HGF-related liver hypertrophy.
Zhang et al. (35) recently produced a transgenic mouse by injecting hHGF cDNA driven by the mouse metallothionein-1 gene promoter into C3H/6 mouse embryos. In this system, hHGF serum levels are variable, ranging from 300 to 3,240 pg/mL, and HGF is produced in several organs, including the liver, lung, brain, and kidney. Our system provides an alternative xenograft model, which, in some respects, is more desirable. First, the cost of acquiring and maintaining transgenic mice, including development and specialized breeding/housing facilities, is not required in our model system. We would expect that c-Met/HGF -Dependent Tumor Growth in Xenograft Model any immunodeficient mouse could be used (36), although we have only used SCID mice. Second, the level of hHGF expressed is highly reproducible and manipulatable, responding to the quantity of virus introduced into the mouse. This allows the investigator to easily induce specific levels of HGF in the mouse, modeling human disease. For instance, generating elevated serum HGF levels may mimic certain advanced disease states, such as metastatic breast (37) , prostate (38) , or colorectal cancer (39, 40) . Third, in our model, hHGF is predominately produced in the liver, which may be more physiologic than a transgenic model in which all tissues produce the ligand. Selective hHGF production by the liver may play a crucial role in the increased occurrence of gastrointestinal tumor metastases to the liver. One can postulate that tumor cells transported to the liver via the portal circulation would have a survival advantage related to the high local levels of HGF (41) . Such hypotheses can be tested in our model system. There are limitations to this model. First, levels of HGF diminish over time, although our studies indicated <15% reduction over 40 days when used in immunodeficient mice. However, the temporal change in serum levels of hHGF may be advantageous. For example, fluctuations in HGF have been measured clinically after resection of metastatic disease. Yoon et al. (40) noted that elevated HGF levels in patients with metastatic colorectal cancer initially increased following liver resection concomitant with liver regeneration and then either decreased to normal levels or remained elevated in a subset of patients with poor outcome. Our model can be used to further study the effects of fluctuation in serum HGF on tumor progression.
Another potential limitation to our model is the requirement of mice infection with an adenovirus. However, the effects of replication-deficient virus seem transient and limited. Phaneuf et al. (28) compared the effects of infection with adenovirus containing the hHGF transgene with an adenovirus containing the Escherichia coli gene for h-galactosidase (control). At currently used doses, no liver hypertrophy and no hHGF was produced in mice infected with the control adenovirus, indicating that the effect was specific for adenovirus containing the hHGF transgene. The authors did not report any long-term ill effects in animals infected with the replication-deficient virus. Similarly, we did not observe any ill effects in control animals followed for 6 weeks.
We also did experiments with another control adenoviral construct that produces alkaline phosphatase (AdAlkPhos). Augmented tumor growth was specific for the Ad-hHGF construct, and tumor growth was similar in SCID mice treated with no adenoviral construct or the control adenoviral construct.
In summary, we have developed a novel mouse model for study of c-Met -dependent human tumor progression and metastases, in which the quantity of ligand is easily controllable. Transgenic mice are not required, and this model overcomes the species specificity of the ligandreceptor interaction that has limited the study of human tumors in mice. It is ideal for preclinical evaluation of c-Met and HGF-directed therapy.
